Introduction
On 23 Studies of Australian dust storms indicate that millions of tonnes of dust are deposited both on land and off the coast. Dust deposited on the land can have positive impacts such as contributing to soil development (Butler and Hutton, 1956; Cattle et al. 2002; Cattle et al. 2009; Knight et al. 1995; Raupach et al. 1994) , while iron rich dust deposited in oceans can be linked to blooms in phytoplankton populations in high nutrient-low chlorophyll (HNLC) oceans, such as the Southern Ocean (Boyd et al. 2004 ) and make major contributions to marine sediments (McTainsh 1989; Hesse and McTainsh, 2003) .
Dust deposition can also have negative impacts such as increasing nutrient levels in water ways and pollution in urban areas ) that result in increased respiratory disease (Rutherford et al. 1999) . During Red Dawn, the media reported increased hospitalisation related to asthma (Ramachandran 2009 ). The impact of dust storms on urban areas can result in significant costs to the economy (Huszar and Piper, 1986) .
American (Piper and Huszar, 1989) and Australian (Williams and Young, 1999 ) studies report increased costs associated with damage to houses and infrastructure and cleaning of cars, houses, businesses, machinery and air conditioners. During Red Dawn, other costs related to disruption of communications, recreational and sporting activities and even cancellation of transport (air, road and ferries) were reported in the mass media (Ramachandran, 2009) . Large dust concentrations increase car accidents which have resulted in fatalities (Yerman, 2009 ) along with loading up power transformers and lines leading to disruption to power supplies (Williams and Young, 1999) .
Dust storms are a natural part of the Australian landscape and are common in the arid inland of Australia (McTainsh et al. 2005) but their occurrence on the east coast of Australia is rare.
In the 75 years prior to Red Dawn, dust storms with a visibility less than 1 km have only been measured in Sydney on three other days, all in the 1940s (identified above). Other Australian capital cities have recorded dust events over the last thirty years. Some of the more notable dust events occurred in Melbourne on 8 February 1983 (Raupach et al. 1994) , in Brisbane on 1 December 1987 (Knight et al. 1995) , in Adelaide on 1 February 1983 (Williams and Young, 1999) and 24 May 1994 (Raupach et al. 1994) , Sydney 25 May 1994 (Raupach et al. 1994) , and Sydney and Brisbane on 23 October 2002 .
During dust storms large quantities of top soil are moved. Two approaches have been used in Australia to quantify the extent, size and dust loads of dust storms: 1) numerical simulation (Shao and Leslie, 1997; Shao et al. 2007 ) and 2) empirical calculation based on surface measurements (Raupach et al. 1994) . The latter method calculates the dust load M (g) by: ) is the average concentration within the plume (Knight et al. 1995; McTainsh et al. 2005) . The majority of studies have derived dust concentration from various equations that convert visibility to dust concentration (Chepil and Woodruff, 1957; Patterson and Gillette, 1977; Shao et al. 2003; Tews, 1996; McTainsh et al. 2008) . Raupach et al. (1994) conservatively estimated the dust load using equation 1 for the 1983 Melbourne dust storm at 2 ±1 million tonne (Mt). Knight et al. (1995) for the 1 December 1987 dust storm calculated the losses from the source area at 5.5 to 6.3 Mt and that 1.9 to 3.4 Mt was lost off the continent. McTainsh et al. (2005) for the 23 October 2002 event calculated the dust load of the plume at a single time using equation 1 to produce a dust load of 4.2 Mt. For the October 2002 event Shao et al. (2007) modelled the dust load over the continent in hourly time steps and then calculated the total dust load by integration of the dust load over the domain (5 to 45°S and 110 to 155°E). The modelling estimate of the total dust load was 6 Mt of which 2.13 Mt was calculated to leave the continent and be deposited to the ocean. Despite the severity of many dust storms prior to 1983 and in particular the dust storms in the early 1940s, estimates of dust storm load prior to 1983 are rare if not non-existent. Hourly air quality data has the major advantage of being a standardised direct measure of dust concentration. Air quality data generally only considers the particulate matter less than 10 micrometres (PM 10 ) due to its relationship to human health ) and as such does not represent the total suspended particulate matter (TSP), that is all particle sizes, in the atmosphere. The location of these stations is primarily in highly populated urban centres, which in Australia, tends to be along the coast. On the east coast of Australia, there are networks of air quality stations around Sydney, Brisbane, Gladstone, Mackay and Townsville. They are complemented by a small number of inland stations at Albury, Wagga Wagga, Bathurst, Tamworth, Toowoomba and Mt Isa. The limited spatial distribution away from the coast severely limits the capacity to estimate the extent and size of dust storms; however, they do offer the opportunity to study dust storm transport processes and evaluate the mass transport of dust off the coast.
Previous Australian studies (Raupach et al. 1994; Knight et al. 1995; McTainsh et al. 2005; Shao et al. 2007) suggested that estimates of dust load could be improved if the spatial extent of the dust storm was more adequately described and better dust concentration data was available. These improvements can be achieved for part of the dust plume that passed over Sydney because the air quality monitoring network (AQMN) of the NSW Department of Environment, Climate Change and Water (DECCW) had four inland air quality stations monitoring PM 10 and another 20 stations along a 200 km length of the NSW coast around Sydney. These data sources provide a unique opportunity to describe the spatial and temporal detail of the worst dust storm (in terms of reduced visibility) to have passed through Sydney since the 1940s.
The aims of this paper are to: (i) describe the spatial patterns and temporal changes of surface PM 10 dust concentrations; (ii) calculate the mass transport rate through a 182 km wide section of the plume near Sydney; and (iii) to estimate the total dust mass of PM 10 and TSP dust that left the coast in the Red Dawn plume.
Material and methods

Dust concentration
Dust concentration measurements were sourced from selected stations of the DECCW AQMN (www.environment.nsw.gov.au/aqms) (Figure 1). AQMN measures particle mass < 10 micrometers (PM 10 ) concentration using a Tapered Element Oscillating Element instrument (TEOM). The TEOM is a gravimetric instrument that draws air from an inlet height z = 3m through a filter at a constant flow rate, continuously weighing the filter and calculating mass concentrations. The ambient air sample is conditioned through the PM 10 inlet, only allowing particles smaller than 10 µm in diameter to pass through. The filter is weighed every two seconds and a rolling hourly average calculated. Data quality control is according to Australian Standard 3580.9.8 and includes automatic checks both within the instrument, in the AQMN database and manual data control by field and office staff. 
Visibility dust concentration relationship
Visibility (V) can be used to estimate total suspended particle concentration using empirical relationships (Chepil and Woodruff, 1957; Patterson and Gillette, 1977) . In the present study; however, it is the PM 10 concentration (c) that is measured and therefore a V to c relationship is required. In a similar approach, Wang et al. (2008) report a range of equations to calculate visibility from hourly nephelometer and TEOM data in China. Of these equations we adopt the most conservative predictor of c for a given V (Zhangbei) and therefore use Equation 2 in this study.
where V is in km. In Australia the BoM classifies dust storms as follows: severe dust storms (SDS) are when V ≤ 200 m; moderate dust storms (MDS) are V > 200 to ≤ 1,000 m. There is no formal classification of event for V > 1000 m, so for the purpose of this study we define V > 1,000 m to 10,000 m as hazes and they are divided into severe dust hazes (SDH when V > 1000 to ≤ 5,000 m) and moderate dust hazes (MDH when V > 5000 to ≤ 10,000 m). Equation 2 is used to convert the measured c to V and the corresponding dust event class is given in 
Dust transport calculations
In this study, a time integrated approach is used; that is, the dust flux through a distance perpendicular to the wind direction was calculated each hour for 24 hours and summed to
give the mass of dust transported through this window. This approach deviates from previous Australian studies which have been able to calculate plume area and therefore dust load through the use of equation 1. Unfortunately the spatial extent of the AQMN is not detailed enough to determine the entire area of the plume. Nickling et al. (1999) with vertical dust measurements undertaken using a kite to 500 m height. The equation used was:
Where c measured is the concentration measured at the instrument inlet height z measurement = 3 m. wind directions are only indicative of directions at higher altitudes and the BoM only report wind directions in 10˚ increments; therefore, a diversion of ±30˚ in direction was considered within the margin of acceptable error. The maximum error (q error max ) introduced to Q D at ±30˚ would be 13% where
Ninety four percent of the wind direction measurements at the coastal stations were within 30°, so a vector analysis did not offer any significant improvement to the overall accuracy of the calculation.
Results and Discussion
Climate conditions prior to Red Dawn
South-eastern Australia had been experiencing drought for several years prior to the Red
Dawn event. 
Synoptic conditions during Red Dawn
On 22 directions changed dramatically. Using the surface wind records from the BoM stations, the pre-trough winds were south-westerly to northerly and then with the passage of the low pressure trough and cold front they turned north-westerly then westerly. This pattern of wind systems associated with cold fronts and troughs is consistent with longer term patterns as described by several authors over the last seventy years (Loewe, 1943; Sprigg, 1982; Strong et al. 2010) . As the front passed across south eastern Australia, a deep low pressure system (992 hPa) (centred around 35 to 36° S) behind the front intensified, creating storm force westerly winds that gusted at 25 to 28 m/s ( Figure 5 ). It was this extreme westerly wind field over much of South Australia and the western parts of NSW that entrained and transported the dust to the east coast of Australia. The dust that travelled eastwards did not come from the entire landscape west of the east coast; rather it was from defined areas which are described in the next section. Sydney during Red Dawn also shows traces of halite and high Cl/Si ratios (Radhi et al. 2010) which could support a lake bed source. However, based upon DustWatch reports, the MODIS imagery, at the time of the event, the field survey undertaken by the lead author soon after the event that revealed large areas of sand drift, and the red/orange/yellow colour of the dust, we conclude that the rangelands in the vicinity of the lake systems were the dominant dust source areas. Another paper in preparation by the authors will utilise the 28 inland DustWatch stations (see map at http://www.environment.nsw.gov.au/dustwatch/) to further localise the dust source for Red Dawn.
Dust source areas
Hourly spatial and temporal patterns of wind and dust concentration of Red Dawn
The generalised synoptic description of the wind and dust conditions can be enhanced by examining the hourly wind data from the AQMN and BoM AWS network (Figure 1 ) and the PM 10 data from the AQMN, and this forms the basis of this section.
Maximum dust concentrations
The is indicative of dust in transport through the region rather than of dust being emitted within the region, because local entrainment tends to produce discrete dust plumes resulting in short distance changes in dust concentration (Butler et al. 1996) . 
Timing and spatial extent
The timing and spatial extent of the dust storm can be seen in Table 2 and the c values are loosely linked to the wind speeds and directions in Table 3 . The data in Tables 2 and 3 have been sorted by AQMN longitude, so that stations in the west are on the left and stations in the east are on the right of the tables. The timing and spatial extent of the event described below is confined to when conditions reached moderate dust storm (MDS) or severe (SDH) status as defined by the visibility and PM 10 concentrations in Table 1 . The easterly progression of Red Dawn is evident as the dust passed through Wagga Wagga then Bathurst in the west on 22 September at 1700 then through Newcastle (the most easterly station) eight hours later on 23 September at 0200
(locations in Figure 1 ). Table 3 shows that Wagga Wagga and Bathurst experienced moderate to strong northwest to westerly winds which increased in speed towards Sydney.
By 23 September at 0000 the dust plume had progressed further north and east ( Figure 6 ). Near the maximum northerly extent of the plume at Mt Isa and Townsville, c values were 4 to 6 times less than that of Brisbane respectively. Considering that the total plume length was in the order of 3,000 km (estimated from satellite imagery) it is not surprising that there was large variation in c along its length. The general trend was for c values to decrease from south to north. The likely explanation for this lies in the distance the plume travelled to get to the air quality stations and the amount of dust emitted from the source area. The further the plume travels from source the greater the deposition ) and the distance to source (LEB or north west NSW or Channel Country) for Sydney was in the order of 700 to 1,200 km and for Brisbane it was 900 to 1,300 km. Interestingly for Mt Isa and Townsville it is only 300 to 600 km to the Channel Country and 900 and 1200 km to the LEB yet these stations have lower c than Brisbane suggesting some other mechanism, such as wind speeds being lower or that the Channel Country was not as strong a source on this occasion as previously thought.
All of the AQMN stations had similar peak c of around 10,000 μg/m than the northern stations suggesting that the northern stations were down wind of a stronger source area which supplied more dust over a longer period of time. This is partially supported by average wind speed data for the dust event (defined as when c is > SDH in Table 2 ). In the north, winds were between 9 and 10 m/s for Tamworth, Randwick and Newcastle but lower in the south for Bathurst (7 m/s) and Albion Park (4 m/s). Stronger winds over a longer period would raise more dust that would last longer at the northern stations. Generally, the peak c occurred one to five hours before the peak wind speeds, which tended to disperse the dust later in the day (Figure 8 ). There is no clear relationship between wind speed and c at the inland stations, suggesting that there are no source areas near the stations and that a more complex interaction between the synoptic conditions and the transport of the dust is occurring (Figure 8 ). This is shown by comparing the wind and c time series for demonstrates the utility of the high resolution data (one hour) for revealing the complex structure of a dust plume. It also indicates how transported dust is not coupled to wind speed like it is during the emission phase of the dust storm. Finally, the satellite image in Figure 6 clearly shows areas of low and high concentration throughout the plume further supporting the idea that dust storms are very variable in space and time. There is less complexity in plume concentrations near the coast, which is probably due to the smaller distances between the stations (< 182 km). The pattern is similar to that of Tamworth in that as wind speed increases slowly, the c values quickly rise to their peak. Wind speeds continue to increase but c is dropping, at Randwick and Albion Park, then wind speeds remain fairly constant and c continues to fall, while at Newcastle the wind speeds decrease steadily after reaching a maximum and c declines at a slightly faster rate as the wind speeds decrease. So like the inland stations wind speed is not coupled directly to c.
The above discussion indicates the extreme heterogeneity of c within the plume and the importance of having a good spatial and temporal data to understand the transport processes operating within the plume, as previously identified by both modelling (Shao et al. 2007 ) and empirical studies . It also highlights some challenges to our understanding:
 Unlike dust source areas, where dust emission is closely linked to the friction velocity (Nickling et al. 1998 ) and therefore wind speed, this study is located hundreds of kilometres down wind of source where there is little relationship between wind speed and c. The reasons for this require attention.
 Red Dawn dust arrived at the coast before the maximum wind speeds and without a significant change of wind direction. Raupach et al. (1994) found that for the Melbourne 1983 dust storm most of the dust was directly associated with the cold front and that the highest wind speeds (20 m/s) were at the nose of the cold front. The reason for this may lie with the synoptic weather conditions that produced the strong winds, but this requires more detailed attention.
 The concentration curves (Figure 7 ) at all stations are steep at the beginning and taper away after the peak, but the tapering varied between stations from south to north. The reason for this requires attention.
The processes that are driving these effects are most likely to do with meso-scale meteorological conditions. While there have been a few studies in Australia of the links between dust storms and meteorological conditions (Raupach et al. 1994; Ekstrom et al. 2004; Strong et al. 2010 ) the high resolution data emerging from the current study may cause a re-evaluation of this research. Work in north west China on relationships between dust storms and meso-scale cold fronts in the Tarim Basin (Aoki et al. 2005 ) has helped our understanding of entrainment and local transport processes by showing how the synoptic scale air mass behind the cold front is the cause of the dust storms. Applying this knowledge to Australian dust storms is worthy of further investigation as also suggested by Strong et al. (2010) .
Duration of dust storm
The Red Dawn dust storm was also distinctive for the prolonged period that it increased dust concentrations in Australia's eastern cities. Table 4 The duration was a function of the position of the cut-off low pressure system over south east Australia and the passage of the cold front and associated low pressure trough (Figure 4 ).
These metrological conditions provided a combination of gale force winds over the source areas and persistent strong frontal north westerly winds towards the coast.
As a result of the high dust concentrations, the long event duration and the intense media interest, one of the most commonly asked questions was; "How much soil has been lost". In the next section, this question will be addressed by examining the mass of dust transported off the NSW coast between Albion Park and Newcastle.
Spatial and temporal patterns of dust mass transport off the coast
In simplest terms, the dust that is blown off the continent can be described as "lost" as it can no longer be deposited and returned to soils on the continent. This section aims to firstly, calculate the tonnes of PM 10 dust being transported through a one kilometre cross-wind section of the storm at each AQMN station, each hour of the dust event. Secondly, the mass of dust blown off the coast is calculated between Albion Park and Newcastle, and finally, an estimate of dust leaving the coast during the entire dust storm is presented.
To measure the transported dust (Q D ), using equation 3, requires c profiles and wind velocity profiles to the top of the dust ceiling (z) at each station in hourly intervals. To achieve this surface level PM 10 concentration data from each station are used in Equation 4 to calculate the PM 10 concentration profiles ). Obtaining measured wind profiles for all stations was not possible so modelled profiles were calculated using TAPM. The next section outlines a critical analysis of these TAPM profiles.
Wind velocity profiles
Two sources of measured velocity profile data were available for Red Dawn; wind finding Doppler radar and radiosonde balloon data. The aim was to calculate Q D in hourly time steps; therefore, velocity profiles for each hour at each station were required. Only modelled data was able to satisfy these requirements because radiosonde data is limited to some airports. profiles at high dust concentrations is unknown, with the differences between radio sonde data (the only "in-situ" measurement) and Doppler radar data indicating that the extreme number of particles in the atmosphere might have interfered with the radar accuracy.
To estimate the errors associated with using the Doppler radar instead of the TAPM wind profiles, the hourly Q D for segment 4 of AQMN (Sydney) were calculated. The analysis showed that TAPM results in the total Q D being 15% greater than when using radar data.
Despite the differences in the velocity profiles we assume that the errors associated with the modelled profile to be less than using the radar or radiosonde data from limited stations and times.
Mass transport during Red Dawn
Unlike previous studies that require a knowledge of the area of the plume to use equation 1 Even though peak hourly Q D were fairly consistent around Sydney the c and wind speed varied between stations and this has an effect on the total Q D for each station (Table 5) The next monitoring station north of Newcastle on the coast is Brisbane and, as indicated above, the Brisbane CBD c was only 60 % that of Sydney (Randwick) so it is likely that the peak total Q D off the NSW coast was closer to Newcastle than Brisbane. This assumption is supported by the total Q D of the inland stations. Tamworth is an inland station between
Newcastle and Brisbane, is located about 400 km north east of Bathurst, and had a total Q D 17% lower than Bathurst; therefore, if the total Q D is lower 400 km north of Bathurst then it is highly likely that the total Q D will also be lower 400 km north east of Sydney.
Total Q D (t/km) for each station is also presented in Table 5 for three dust ceiling heights (z) due to uncertainties in this parameter. This study used z =2500m and this was supported by a 
Dust lost off the coast
In this section the aims are to: 1) calculate the mass transport off the coast for a 182 km segment of the coast near Sydney, and 2) calculate the of mass transport off the east coast of Australia.
To estimate the total mass transport (Q D ) off the coast near Sydney seven AQMN stations that were close to the coast between Albion Park and Newcastle were chosen (Figure 2 ) and the Q D was calculated for each of the six segments, and then summed for the total crosssection ( One of the limitations of this study is the short length of the plume that was sampled;
however, the advantage is the high level of precision and understanding of the assumptions behind that estimate. This detailed understanding can be used to develop a conversion factor for stations without velocity and dust concentration profiles.
The big question that is addressed here is: how much sediment was exported off the coast by
Red Dawn? Given the data available we can estimate this in two ways: 1) by scaling up the dust loss from the Sydney section of the plume to the total plume length, and 2) by using the lateral surface PM 10 concentration and surface wind speed data to describe the variation along the length of the plume.
The scaling up of the 305,333 t measured over the 182 km-long segment to the total plume length of Red Dawn will result in an over-estimate as we know that Q D of the plume was highly variable even within the AQMN domain (Table 5 ) and we also know that c decreased up the Australian coast from Sydney to Brisbane to Townsville; as such this method will not be used here.
As there was no access to TAPM data outside NSW, it is not possible to use the same methods on the surface PM 10 concentration data up the coast, as used in the Sydney region.
To utilise the surface PM 10 concentrations Q D was calculated by two methods: 
The total plume length of 3000 km was then divided in to six segments based on the locations of: the AQMN segment in the Sydney region, a segment extending south to the end of the plume and segments defined by air quality stations up the coast to Townsville. These segments are detailed in Table 7 
Conclusions
The While there is evidence that the lakes and riverine landscapes (grey and light coloured soils) are traditional dust source areas, large areas of rangelands, particularly the sandplains, showed signs of erosion after Red Dawn. Both DustWatch data and satellite imagery supports this but the most convincing evidence is the colour of the dust that entered Sydney -red. This means that the dust recorded in Sydney was transported in the order of 700 to 1200 km from the rangelands and riverine landscapes of semi-arid Australia.
The extreme weather conditions were driven by a low pressure trough and cold front associated with a deep cut-off low pressure system centred about the southern NSW border that generated gale force westerly winds over the areas with low ground cover and date in Australia. This is because scaling the 182 km length up to 3000 km will result in an obvious over-estimate, especially since this study has shown that the plume was very heterogeneous. This is shown by the 24 hour PM 10 dust transport rates off the coast at Sydney (1678 t/km/24h), Brisbane (804 t/km/24 h), Gladstone (126 t/km/ 24h), Mackay (163 t/km/24 h) and Townsville (180 t/km/24 h).
The best estimate for the total suspended sediment mass of the 3000 km plume blown off the coast taking into account the variable c and wind speeds along the plume between south of Albion Park and north of Townsville and by using a PM 10 to TSP ratio in of 0.6 is 2,541,073 t with a plume height of 2500 m.
The Red Dawn estimate of 2.54 Mt is now first and the largest off-continent loss of soil ever reported using measured dust concentrations for Australia.
